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Heat shock factors (HSFs) are the main transcriptional regulators of the heat shock response
and indispensable for maintaining cellular proteostasis. HSFs mediate their protective func-
tions through diverse genetic programs, which are composed of genes encoding molecular
chaperones and other genes crucial for cell survival. The mechanisms that are used to tailor
HSF-driven proteostasis networks are not yet completely understood, but they likely comprise
from distinct combinations of both genetic and proteomic determinants. In this review, we
highlight the versatile HSF-mediated cellular functions that extend from cellular stress re-
sponses to various physiological and pathological processes, and we underline the key
advancements that have been achieved in the field of HSF research during the last decade.

Since its initial discovery by the Italian genet-
icist Ferruccio Ritossa (Ritossa 1962), the

evolutionarily conserved heat shock response
(HSR), has been the focus of intense investiga-
tion. The HSR exists in all organisms and pro-
vides an essential survival mechanism against
intracellular and extracellular challenges. HSR
is characterized by extremely rapid activation
of transcription, leading to massive increase in
the synthesis of molecular chaperones, such as
the heat shock proteins (HSPs). These proteins
enable the maintenance of cellular proteostasis,
and thereby ensure the survival of the cell. The
rapid transcriptional induction of genes encod-
ingHSPs is regulated by a family of transcription
factors called the heat shock factors (HSFs). On
activation, HSFs oligomerize, localize to the nu-

cleus, and activate the transcription of their tar-
get genes. Albeit originally identified as key fac-
tors for cell protection during acute stress, HSFs
are now known to respond to a variety of extrin-
sic and intrinsic signals and the repertoire of
HSF target genes has expanded significantly.
Consequently, the current view presents HSFs
as versatile regulators of many cellular and
organismal processes, ranging from stress pro-
tection to gametogenesis and neurogenesis.
Moreover, misregulated HSF function is tightly
linked to diseases originating from disrupted
proteostasis, such as neurodegenerative disor-
ders, metabolic diseases, and different forms of
cancers, highlighting the importance of under-
standing the precise context-dependent regula-
tion of HSFs’ activity.
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HEAT SHOCK TRANSCRIPTION FACTOR
FAMILY

The HSR is an evolutionarily well-conserved
stress protective pathway that has been identi-
fied in every living organism, all the way from
unicellular bacteria and yeasts to multicellular
plants and animals. A key feature of the HSR
is the rapid transcriptional activation of genes,
including molecular chaperones, which is
achieved through specific stimulus-dependent
transcription factors. In Escherichia coli, the
stress-inducible transcription factor is called
σ32, which on exposure to heat activates tran-
scription of DnaK, a prokaryotic homologue of
HSP70 (Grossman et al. 1984). In eukaryotes,
HSR is regulated by a family of transcription
factors, the heat shock transcription factors,
HSFs. In the yeast Saccharomyces cerevisiae,
the nematode Caenorhabditis elegans, and the
fruit fly Drosophila melanogaster, only a single
HSF is expressed (ScHSF, CeHSF, and DmHSF,
respectively), whereas multiple HSFs exist in
fish, birds, mammals, and plants (Fig. 1).

The vertebrate HSF family consists of six
members (HSF1–4, HSFX, andHSFY), of which
HSF1 and HSF2 are most extensively studied.
HSF1 is the functional counterpart of ScHSF,
CeHSF, and DmHSF, and because of its funda-
mental role in chaperone gene expression dur-
ing acute heat stress, it is generally accepted as
the master regulator of HSR (McMillan et al.
1998). HSF1 is ubiquitously expressed in mam-
malian tissues (Fiorenza et al. 1995) and it is
essential for protection against heat-induced
protein damage and for acquisition of thermo-
tolerance (McMillan et al. 1998). HSF2 also
binds DNA stress inducibly, but its role in the
acute stress response is diminutive (Östling et al.
2007). Instead, HSF2 appears to be more impor-
tant during febrile-range thermal stress (Shin-
kawa et al. 2011) and in various differentiation
and developmental processes (Sistonen et al.
1992; Mezger et al. 1994; Rallu et al. 1997; Kallio
et al. 2002; Wang et al. 2003; Chang et al. 2006).

The third member of the vertebrate HSF
family, HSF3, is expressed in both chicken and
mouse cells, cHSF3 and mHSF3, respectively
(Nakai and Morimoto 1993; Fujimoto et al.

2010); but in humans, HSF3 is a pseudogene.
Interestingly, the mammalian and avian HSF3s
seem to be functionally distinct, as cHSF3 is the
main factor regulating HSR and thermotoler-
ance (Nakai and Morimoto 1993; Tanabe et al.
1998), whereas mHSF3 participates in the regu-
lation of nonclassical heat shock genes (Fuji-
moto et al. 2010). However, overexpression of
mHSF3 in Hsf1−/− MEFs (mouse embryonic fi-
broblasts) does partially restore the cellular re-
sistance to heat shock, suggesting that mHSF3
might have a unique, yet undefined, role during
acute stress (Fujimoto et al. 2010).

HSF4 does not show stress-inducible DNA-
binding activity. HSF4 is highly expressed in
both embryonic and adult eye tissue, where it
regulates fiber cell differentiation and lens devel-
opment (Fujimoto et al. 2004; Min et al. 2004).
Mutations in the HSF4 DNA-binding domain
(DBD) lead to severe cataracts, linking HSF4
directly to human diseases (Bu et al. 2002;
Anand et al. 2018). The biological functions of
HSF5, as well as the sex-chromosomal HSFX
and HSFY are poorly understood, but they are
suggested to regulate gametogenesis (Tessari
et al. 2004; Widlak and Vydra 2017).

Structural Features of HSFs

All HSF family members are characterized by
functional domains that share both common
and unique features. The most conserved do-
main is the amino-terminal, winged helix–
turn–helix DBD (Fig. 2), which is present in all
eukaryotic HSFs (Vuister et al. 1994). The core
structure of DBD consists of a four-stranded an-
tiparallel β-sheet and three α-helices, of which
the third helix inserts into the major groove of
DNA (Harrison et al. 1994). The wing structure
is located between the third and fourth β-sheet
and it differs from equivalent structures in other
winged helix–turn–helix transcription factors,
as it is not in contact with DNA (Littlefield and
Nelson 1999). Recently, HSF1 and HSF2 DBDs
were cocrystallized with DNA, uncovering a
novel topology of DNA-bound HSF oligomers
(Jaeger et al. 2016; Neudegger et al. 2016). In
contrast to the old view, the newmodel positions
DBD and the remaining parts of HSF on the
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Figure 1.Domain organization of heat shock factor (HSF) family members. In mammals, six HSFs are expressed
(HSF1–4, HSFX, and HSFY), which differ in their tissue expression patterns and biological functions. HSF3 is a
pseudogene in humans, whereas functional HSF3 protein has been found in mouse (Mus musculus). Four HSFs
have been identified in chicken (Gallus gallus). In contrast to vertebrates, a single HSF is expressed in fruit fly
(Drosophila melanogaster), nematode (Caenorhabditis elegans), and yeast (Saccharomyces cerevisiae). The evo-
lutionarily conserved DNA-binding domain (DBD) is present in all HSFs. Hydrophobic heptad repeat domain
HR-A/B mediates oligomerization. Carboxy-terminal heptad repeat (HR-C) provides an intramolecular inter-
action site that can repress HSF oligomerization by interacting with HR-A/B. Transactivation domain (TAD) is
required to enhance the transcriptional activation of certain HSFs. The mammalian HSF1 contains also a
regulatory domain (RD) that is subjected to many posttranslational modifications (see Fig. 2). The numbers
indicate amino acids.
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Figure 2. Heat shock factors (HSFs) undergo a selection of posttranslational modifications (PTMs) during
activation and attenuation. HSF1 is phosphorylated on multiple serine (S) and threonine (T) residues, mainly
located in the regulatory domain (RD). The DNA-binding domain (DBD) and the oligomerization domain
(HR-A/B) harbor lysine (K) residues that are subjected to both acetylation and sumoylation. HSF1 is also
ubiquitinated, but the exact ubiquitination target lysines are not known. To date, no phosphorylatable residues
have been identified in HSF2. Instead, HSF2 is sumoylated at lysine residues in DBD and HR-A/B regions.
Ubiquitination of five lysine residues on HSF2 have been reported. HSF4 is also subjected to phosphorylation,
sumoylation, and ubiquitination. In the absence of stimulus, HSF1 is located in the cytosol in a complex that
contains chaperones (HSP90, HSP70, TRiC). Steps of activation and attenuation are accompanied by a selection
of PTMs. On attenuation, HSF1 is degraded by the ubiquitin-proteasome system. HR-C, carboxy-terminal
heptad repeat; TAD, transactivation domain.
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opposite sites of the DNA strand in a so-called
DNA-embracing structure (Fig. 2). X-ray crys-
tallography analyses of the HSF2 DBD wing do-
main further revealed that HSF1 andHSF2 wing
domains differ both structurally and functional-
ly, providing a platform for HSF-specific regula-
tion on diverse cellular states (Jaeger et al. 2016).

Unlikemany transcription factors that act as
dimers, HSFs form trimers on activation. This
oligomerization is mediated by hydrophobic
leucine-zipper-like heptad repeats (HR-A/B)
that are located directly adjacent to DBD (Fig.
1; Sorger and Nelson 1989). The HR-A/B do-
mains are also highly conserved between the
HSF familymembers. Yet another heptad repeat
(carboxy-terminal heptad repeat [HR-C]) re-
sides in the carboxy terminus and has been
found only in specific HSFs (Fig. 1). This
domain confers an intramolecular interaction
site and represses spontaneous oligomerization
when interacting with the HR-A/B. Tempera-
ture increase results in HR-C unfolding, allow-
ing HR-A/B stabilization and subsequent oligo-
merization of HSFs (Hentze et al. 2016). Neither
mammalian HSF4 nor ScHSF contains HR-C,
which results in constitutive DNA-binding com-
petence of these factors (Sorger et al. 1987; Nakai
et al. 1997) and likely explains the essential role
of ScHSF and HSF4 in cell viability (Sorger and
Pelham 1988) and normal tissue development
(Fujimoto et al. 2004), respectively.

Formation of DNA-bound HSF trimers
does not necessarily induce their target gene
expression (Hensold et al. 1990; Jurivich et al.
1992). For that they require the carboxy-termi-
nal transactivation domain (TAD), an interac-
tion site for cofactors and chromatin remodelers
(Sullivan et al. 2001; Boellmann et al. 2004). The
ScHSF1 is unique among the HSFs in contain-
ing both amino- and carboxy-terminal TADs
(Nieto-Sotelo et al. 1990). In normal conditions,
the TAD is negatively regulated by the centrally
located regulatory domain (RD) (Shi et al. 1995;
Zuo et al. 1995), which provides the factor with
heat-sensing capability (Newton et al. 1996;
Hentze et al. 2016). TAD and RD are also pres-
ent in human HSF2 and HSF4, whereas analo-
gous domains are yet to be identified in murine
HSF2 and HSF4.

POSTTRANSLATIONAL REGULATION
OF HSFs

Similarly to many other stimulus-dependent
transcription factors, all HSFs show transient
activation profiles that are achieved through spe-
cific posttranslational regulators. Such regula-
tors include both protein-interacting partners
and posttranslational modifications (PTMs).
The posttranslational regulators have been
shown to contribute to literally every step of
the activation pathway (i.e., oligomerization,
nuclear accumulation, DNA-binding, transcrip-
tional activation, response attenuation, and deg-
radation of HSFs) (Fig. 2).

In the absence of stress, HSF1 interacts with
molecular chaperones, including HSP70, HSP90,
and the chaperonin TRiC, which maintain re-
pression and localization to the cytosol (Fig. 2;
Shi et al. 1998; Guo et al. 2001; Neef et al. 2010;
Zheng et al. 2016; for a review, seeGomez-Pastor
et al. 2018). In response to stimuli leading to
disrupted proteostasis, the chaperones are titrat-
ed away fromHSF1, which enables oligomeriza-
tion, nuclear accumulation, and transcriptional
activation. Recently, HSP90 was shown to par-
ticipate also in the removal of HSF1 trimers
fromDNA (Fig. 2; Kijima et al. 2018), suggesting
that chaperones can modulate HSF activity at
various phases of the response. In addition to
chaperones, HSFs are known to interact with
an extensive repertoire of other proteins that
among other things increase the access of
HSF1 to nucleosomal DNA (Fujimoto et al.
2012), facilitate its DNA-binding activity (Fuji-
moto et al. 2018), assist in the establishment of
the active chromatin state (Takii et al. 2015), and
potentiate the transactivation capacity of HSF1
(Tan et al. 2015).

HSFs are subjected to many PTMs, includ-
ing phosphorylation, acetylation, ubiquitina-
tion, and sumoylation.Altogether, 23phosphor-
ylatable residues have been identified on HSF1,
whichmainly residewithin the RD (Fig. 2; Guet-
touche et al. 2005). Hyperphosphorylation of
HSF1 is strongly induced on heat shock, coin-
ciding with its DNA-binding and transcription-
al activities (Fig. 2; Cotto et al. 1996). However, a
complete abolishment of phosphorylation does
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not cause transcriptional incompetence and,
thus, phosphorylation is currently considered
as a fine-tuning mechanism for HSF1 activity
(Budzyński et al. 2015; Zheng et al. 2016). In-
triguingly, phosphorylation of HSF1 was recent-
ly shown to mediate cell-to-cell variation and
phenotypic plasticity in heat-treated S. cerevisiae
(Zheng et al. 2018), emphasizing the role of
phosphorylation as a modification adjusting
HSF1-mediated transcriptional response.

Acetylation has been shown to have a vari-
able role in regulating HSF1 activity (Wester-
heide et al. 2009; Raychaudhuri et al. 2014).
In nonstressed cells, acetylation of K208 and
K298 mediates HSF1 stabilization, although
the mechanistic details of this stabilization are
yet to be determined (Raychaudhuri et al. 2014).
During acute stress, HSF1 is acetylated on DBD
(K80, K118), which contributes to its release
from the DNA and subsequent attenuation of
the HSR (Fig. 2; Westerheide et al. 2009; Ray-
chaudhuri et al. 2014; Zelin and Freeman 2015).

The expression levels and activity of HSFs
are regulated also by the ubiquitin-proteasome
system. Two ubiquitin ligases, NEDD4 and
FBXW7, have been shown to directly interact
with HSF1 (Kourtis et al. 2015; Kim et al.
2016; Gomez-Pastor et al. 2017). Interaction be-
tween HSF1 and FBXW7 depends on the phos-
phorylation status of S303 and S307 and leads to
HSF1 degradation by the proteasome. Interest-
ingly, mutation of S303/307 was shown to pro-
long the HSR, proposing for the first time that
HSF1 degradation is an important step in the
attenuation phase of the HSR (Kourtis et al.
2015). Given that the transient HSF activity is
often presented as a cyclic process, where DNA-
released HSF trimers revert back to monomers
and return to the cytosol, these results change
the current view by showing that HSF1 is ubiq-
uitinated and degraded during stress recovery
(Fig. 2). Moreover, as abnormal regulation of
HSF1 stability was associated with disease prop-
agation in both melanoma and Huntington’s
disease mouse models and patient samples
(Kourtis et al. 2015; Gomez-Pastor et al. 2017),
these observations underscore the biological rel-
evance of HSF1 ubiquitination. In addition to
HSF1, the levels ofHSF2 andHSF4 are regulated

by ubiquitination. Ubiquitination of HSF2 by
E3-ligase APC/C occurs during acute stress
and results in proteasomal degradation of the
factor (Ahlskog et al. 2010). The consequence
of HSF2 ubiquitination is not fully understood,
but it seems that HSF2 degradation is required
to direct target gene expression on specific cel-
lular states (Ahlskog et al. 2010; Elsing et al.
2014). In unbiased mass spectrometric (MS)
screens, five ubiquitination target lysines on
HSF2 have been identified (Kim et al. 2007;
Wagner et al. 2011), whereas ubiquitination of
HSF4 is mainly targeted to K206 and appears to
inhibit its transcriptional activity (Fig. 2; Liao
et al. 2015).

PTM by sumoylation has been reported for
all human HSFs. HSF1 is primarily sumoylated
on K298, although a minor sumoylation site on
K126 has also been experimentally validated
(Fig. 2; Hong et al. 2001; Hietakangas et al.
2003). HSF1 sumoylation is stress-inducible, but
it is dispensable for the induction of HSR and
rather functions as a negative regulator of HSF1
transactivation capacity (Hietakangas et al. 2003,
2006). K298 resides within an extended sumoy-
lation consensus motif, called phosphorylation-
dependent sumoylation motif (PDSM), where
phosphorylation of the nearby S303 is a prereq-
uisite for the conjugation of SUMO (Hietakangas
et al. 2006). A similar motif has been identified in
human HSF4, which undergoes stress-inducible
phosphorylation of S298 and sumoylation of
K293 (Fig. 2; Hietakangas et al. 2006). Sumoy-
lation of HSF4 also functions as a repressive
modification, inhibiting its transcriptional ac-
tivity (Hietakangas et al. 2006). In HSF2, the
main sumoylation target K82 resides within
the DBD and inhibits HSF2 DNA-binding ac-
tivity (Goodson et al. 2001; Anckar et al. 2006;
Tateishi et al. 2009; Feng et al. 2016). Additional
sumoylation sites on HSF1 and HSF2 were re-
cently identified in an unbiased MS-screen, but
the functional importance of these novel sites is
unknown (Hendriks et al. 2017). However, con-
sidering their accumulation onDBD andHR-A/
B (Fig. 2), it is possible that sumoylation func-
tions as a more versatile regulator of HSF oligo-
merization and DNA-binding activity than pre-
viously assumed.
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DIVERSITY OF HSF TRANSCRIPTIONAL
PROGRAMS: HOW IS THE SPECIFICITY
DEFINED?

Despite the central role of HSFs in coordinating
stress-induced transcription, it has become well
acknowledged that HSFs direct also additional
genetic programs that differ extensively from the
classical HSR (for detailed description of tran-
scriptional stress responses, see Vihervaara et al.
2018). Multiple genome-wide sequencing stud-
ies have identified a great number of novel target
sites that display specific HSF-binding profiles
depending on cell cycle phase, developmental
stage, cell type, stress exposure, and the type
of organism (Hahn et al. 2004; Birch-Machin
et al. 2005; Åkerfelt et al. 2008, 2010; Vihervaara
et al. 2013, 2017; Li et al. 2016; Mahat et al.
2016). The occupancy of HSF1 and HSF2 varies
also on malignant transformation (Mendillo
et al. 2012), aggregate accumulation (Riva et al.
2012), and fetal alcohol exposure (El Fatimyet al.
2014), altogether indicating that the HSF-driven
transcriptional reprogramming is a highly dy-
namic process that can be regulated by multiple
upstream signaling pathways. Although it is not
yet fully established how the program diversity
is determined in a given state, some common
nominators, including promoter architecture
and protein-interacting partners, are emerging.

Promoter Architecture

HSFs are sequence-specific transcription factors
that act through a conserved DNA element, heat
shock element (HSE), consisting of inverted
repeats of a pentameric nGAAn consensus se-
quence (Amin et al. 1988). Nevertheless, HSEs
across the genomes display extensive variation
in their primary sequence, length, and orienta-
tion (Mendillo et al. 2012; Riva et al. 2012;
Vihervaara et al. 2013; Mahat et al. 2016). Inter-
estingly, HSFs are able to distinguish specific
properties of the HSEs, such as the length or
the orientation of the repeats (Bonner et al.
1994; Jaeger et al. 2014), suggesting that the
DNA sequence itself can function as a determi-
nant of HSF target selection. Accordingly, heat-
responsive and developmentally important HSF

target promoters were recently shown to differ
significantly in their HSE architecture (Li et al.
2016), which confirms that the specific compo-
sition of HSEs impact the HSF-driven transcrip-
tional response.

In addition to HSEs, other promoter cis ele-
ments have also been identified as significant
determinants of HSF target site selection. In
the developing C. elegans larvae, CeHSF binds
specifically to promoters that contain GC-rich
motives adjacent to the HSE sequence (Li et al.
2016). The GCmotives serve as binding sites for
transcriptional cofactors, including E2F, which
is indispensable for the developmental activa-
tion of CeHSF (Li et al. 2016). In human K562
erythroleukemia cells, specific-chromatin-bind-
ing factors (e.g., SP2 and GATA factors) preoc-
cupy HSF1 target sites that differ extensively
from the classical heat-inducible genes (Viher-
vaara et al. 2017). Excitingly, a co-occupancy of
oncogenic NOTCH1 andHSF1 was recently ob-
served on the promoters of many HSF1 target
genes in human T-cell acute lymphoblastic leu-
kemia cells (Kourtis et al. 2018). Taken together,
there is increasing evidence that the chromatin
architecture and cross talk with other trans-
criptional regulators determine the transcrip-
tional outcome of HSF DNA-binding activity.

Functional Interplay between HSFs

Because of the significant homology of the
DBDs, all HSFs recognize similar cis elements
and thereby can compete or cooperate for the
regulation of a given gene. For example, in
mouse lens tissue and olfactory epithelia, HSF1
and HSF4 occupy the same target gene promot-
ers but have opposite effects on their expression
(Fujimoto et al. 2004; Takaki et al. 2006), where-
as in mitotic and heat-shocked cells, HSF2
interferes with HSF1 binding to theHSP70 pro-
moter, resulting in reduced HSP70 expression
(Elsing et al. 2014). HSF1 and HSF2 bind to
the same target gene promoters also in mouse
testis (Korfanty et al. 2014), where their func-
tional cooperation seems to be required for nor-
mal sperm production (Wang et al. 2004). HSF1
and HSF2 can also form heterotrimers via their
conserved HR-A/B domains, and experimental

HSFs in Physiology and Disease

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034066 7



manipulation of HSF1 and HSF2 stoichiometry
impacts the transcriptional properties of the het-
erotrimers (Sandqvist et al. 2009; El Fatimy et al.
2014; Jaeger et al. 2016). These observations
suggest that heterotrimerization can function
as a determinant of context-dependent HSF ac-
tivation. To date, no mechanisms underlying
the heterotrimerization of HSF1 and HSF2
have been established and it is unclear whether
similar cross talk can occur among other HSF
family members. Thus, it remains to be deter-
mined whether heterotrimerization is a com-
monmechanismofHSF-mediated transcription
and target gene selection.

HSFs AS ENVIRONMENTAL SENSORS: FROM
HSR TO PHYSIOLOGICAL PROGRAMS

Developmental Role of HSFs

Besides regulating the HSR, HSFs are vital for
other physiological processes, particularly those
associated with organismal development (Fig.
3). The single ScHSF is crucial for yeast cell
viability and cells lacking ScHSF are unable to
produce viable spores (Sorger and Pelham 1988;
Gallo et al. 1993). Although ScHSF binds mul-
tiple gene loci in nonstressed conditions (Hahn
et al. 2004), the lethal knockout phenotype can
be rescued with overexpression of HSP70 and
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Embryogenesis
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Figure 3. Vertebrate heat shock factors (HSFs) are linked to a diverse array of biological processes. Although
originally identified as the main factors regulating cellular responses to acute heat stress, HSFs are currently
linked to an extensive array of different physiological and pathological processes. Most of the processes have been
studied in the context of HSF1, and much less is currently known about the biological relevance of HSF2, HSF3,
or HSF4. References for the processes that are not discussed in the main text include HSF1, ischemia (Higashi
et al. 1995; Nishizawa et al. 1996); HSF1, muscle regeneration (Nishizawa et al. 2013); HSF1, acoustic injury
(Sugahara et al. 2003); HSF1, immune system (Inouye et al. 2004); HSF1, viral infections (Filone et al. 2014);
HSF1, circadian rhythm (Reinke et al. 2008); HSF1, oxidative stress (Ahn and Thiele 2003); HSF2, embryogenesis
(Mezger et al. 1994); HSF3, cell cycle (Nakai and Ishikawa 2001); HSF3, embryogenesis (Nakai and Morimoto
1993); HSF4, oxidative stress (Liao et al. 2018); HSF4, cell cycle (Tu et al. 2006); HSF4, aging (Shi et al. 2008); and
HSF1, HSF2, andHSF3, proteasomal inhibition (Kawazoe et al. 1998). The arrows depict the association between
a distinct HSF family member and the process. FASD, fetal alcohol spectrum disorder.

J. Joutsen and L. Sistonen

8 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034066



HSP90, implying that the main role of ScHSF is
to maintain proteostasis (Solís et al. 2016). In
fruit fly, DmHSF is not required for adult via-
bility, but it is essential for larval development
and oogenesis (Jedlicka et al. 1997). These prop-
erties are not, however, caused by impaired HSP
expression, indicating that HSFs inmulticellular
organisms regulate additional genetic programs
essential for survival. Supporting this view,
CeHSF was recently shown to coordinate a ge-
netic program distinct from the HSR during
nematode larval development (Li et al. 2016).

In mammals, HSF1 is expressed in a variety
of tissues, and although it is not directly required
for the survival of the organism, Hsf1−/− mice
show many significant developmental defects
(McMillan et al. 1998; Xiao et al. 1999). One
of the most visible phenotypes is the reduced
body and organ size, which has been associated
with impaired translation in HSF1-deficient
cells (Xiao et al. 1999; Su et al. 2016). In addition,
HSF1-null female mice suffer from multiple
reproductive abnormalities, such as placental in-
sufficiency and infertility (McMillan et al. 1998;
Xiao et al. 1999; Christians et al. 2000). These
deficiencies are caused by alterations in the basal
HSP levels (Metchat et al. 2009) and decreased
expression of distinct meiotic genes (Le Masson
et al. 2011). Spermatogenesis is also regulated by
HSF1, and HSF1-deficient mice produce less
sperm and show disorganized layering of the
seminiferous epithelium (Salmand et al. 2008;
Åkerfelt et al. 2010). HSF1 is required for the
developing brain, because HSF1-null mice dis-
play enlarged ventricles, neurodegeneration,
demyelination, astrogliosis, and neuronal accu-
mulation of ubiquitinated proteins (Fig. 3; San-
tos and Saraiva 2004; Homma et al. 2007).

Similarly to HSF1, lack of HSF2 does not
compromise organismal viability but impairs
corticogenesis and gametogenesis in both gen-
ders (Kallio et al. 2002; McMillan et al. 2002;
Wang et al. 2003). During mouse embryogene-
sis, the expression pattern of HSF2 fluctuates
(Mezger et al. 1994), and HSF2 is particularly
abundant in the central nervous system (Rallu
et al. 1997;Kallio et al. 2002;Wang et al. 2003). In
adult Hsf2−/− mice, both lateral and third ven-
tricles are profoundly dilated (Kallio et al. 2002;

Wang et al. 2003), indicating thatHSF2mediates
tissue homeostasis during ventricle formation.
Interestingly, HSPs are equally expressed during
embryogenesis of Hsf2−/− and wild-type mice,
suggesting that HSPs are not themainHSF2 tar-
gets in the developing brain (Wang et al. 2003).
Hsf2−/− mice also display neuronal misposi-
tioning, which has been attributed to a reduced
number of cells supporting neuronal migration
(Chang et al. 2006). Importantly,HSF2activity is
misregulated in mice during fetal alcohol expo-
sure, which results in neuronalmigratory defects
similar to those detected in children diagnosed
with fetal alcohol spectrum disorder (FASD) (El
Fatimy et al. 2014).

Among all studied tissue types, HSF2 ismost
prominently expressed in adult testes (Sarge
et al. 1994; Fiorenza et al. 1995) and Hsf2−/−

mice display multiple testicular defects, includ-
ing reduced testis size and increased apoptosis
of the spermatocytes (Kallio et al. 2002;Wang et
al. 2003). HSF2-deficient female mice show in-
creased embryonic lethality and reduced fertility
caused by defective ovulation,meiotic problems,
and diverse hormonal abnormalities (Kallio
et al. 2002). During spermatogenesis, HSF2 oc-
cupies the Y-chromosomal multicopy genes,
which have been associated with sperm head
development (Åkerfelt et al. 2008). Interesting-
ly, combined disruption of HSF1 and HSF2 ex-
acerbates theHsf2−/− phenotype and the double
knockout mice are completely infertile (Wang
et al. 2004). ChIP-seq analyses of HSF1 and
HSF2-binding sites in mouse testes have re-
vealed that these factors share the target binding
sites during male gametogenesis (Korfanty et al.
2014), indicating that HSF1 and HSF2 cooper-
atively regulate gene expression during sperm
development.

The biological role of HSF4 has been mainly
shown in the context of lens development (Fu-
jimoto et al. 2004), although it is expressed also
in other mouse tissues (Jin et al. 2011). HSF4-
deficient mice display abnormal lens epithelial
cell proliferation and premature differentiation,
which is at least partially caused by decreased
expression of γ-crystallins and increased expres-
sion of fibroblast growth factors (FGFs), leading
to accumulation of inclusion-like structures
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(Fujimoto et al. 2004). Intriguingly, altogether,
18 point mutations in the HSF4 gene have been
linked to generation of severe cataracts in hu-
mans, highlighting the functional relevance of
HSF4 in maintaining lens tissue homeostasis
(Bu et al. 2002; Anand et al. 2018).

HSF1 in Metabolism

During the last few years, it has become evident
that HSF1 acts as a critical sensor for cellular
metabolic state and its activity is modulated by
a selection of nutrient-sensing pathways. For
example, a key transcriptional coactivator of
metabolic genes, PGC-1α, directly interacts
with HSF1 and represses its transactivation ca-
pacity (Minsky and Roeder 2015). Induction of
gluconeogenesis in liver during fasting results in
PGC-1α activation and subsequent inhibition of
HSF1, which has been suggested to mediate
some of the antiproliferative effects of nutrient
deprivation (Minsky and Roeder 2015). Inter-
estingly, PGC-1α can also promote the HSF1-
mediated HSR (Xu et al. 2016), proposing that
the impact of PGC-1α on HSF1 activity is con-
text-dependent and sensitive to other regulatory
inputs. HSF1 regulates energy expenditure also
by binding and activating transcription of the
PGC-1α gene, which promotes PGC-1α-depen-
dent white fat browning and mitochondrial
function (Ma et al. 2015). Pharmacological
stimulation ofHSF1 by celastrol, a potent induc-
er of HSR (Westerheide et al. 2004), enhances
PGC-1α-mediated energy consumption and
protects against diet-induced obesity and insu-
lin resistance (Ma et al. 2015). These findings
suggest that systemic activation of HSF1 might
promote the metabolic health of an organism
(for a detailed description of HSF1 and organ-
ismal metabolism, see Su and Dai 2016).

HSFs IN PATHOPHYSIOLOGICAL
CONTEXTS: THE PARADOX OF
PROTEOSTASIS

Cancer

Malignant cells are constantly exposed to pro-
teotoxic damage induced by intrinsic and ex-

trinsic factors as they characteristically harbor
multiple genetic mutations and maintain
growth in adverse environments. Because of
their unstable proteome, abnormally high ex-
pression of HSPs has been observed in a wide
range of human cancers and is currently consid-
ered as a general feature of neoplastic cells
(Whitesell and Lindquist 2005). Consequently,
the importance of HSF1 in cancer progression
has been extensively studied and it is now well
established that lack of HSF1 protects against
malignancy irrespective of the oncogenic driver
identity (Dai et al. 2007; Min et al. 2007; Kourtis
et al. 2018). In addition to HSPs, HSF1 supports
the malignant phenotype by maintaining the
expression ofmultiple other genes, such as those
associated with DNA repair, cellular energy me-
tabolism, and translation (Mendillo et al. 2012).
This is referred to as the HSF1 cancer program
and it has been identified from various human
cancer cell lines and patient samples (Mendillo
et al. 2012). HSF1 is also required for signaling
between cancer cells and tumor stroma (Scherz-
Shouval et al. 2014), indicating that the HSF1-
driven cell survival pathway is comprehensively
tailored to allow malignant progression.

What then causes pronounced HSF1 activa-
tion in a given cancer cell? The current literature
describes several different oncogenic pathways
that alter HSF1 activity, indicating that HSF1
activity is so crucial to tumorous growth that it
allows utilization of diverse signaling mecha-
nisms (for detailed description of the molecular
pathways, see Dai 2018). Furthermore, HSF1
protein levels are stabilized in some cancer
types, which have been shown to contribute to
activation of the HSF1-driven gene program
(Kourtis et al. 2015). Of note, high HSF1 levels
are known to correlate with poor prognosis in
both breast and prostate cancer patients (Santa-
gata et al. 2011; Björk et al. 2018), showing that
increased HSF1 stability is likely a key feature
permitting elevated HSF1 activity in cancer.

In contrast to developmental processes, such
as spermatogenesis or corticogenesis, the mam-
malian HSFs are not known to functionally co-
operate in cancer. HSF1 and HSF2 seem to have
opposing roles in cancer progression, as lack of
HSF2 was associated with enhanced prostate tu-
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mor growth and increased invasion (Björk et al.
2016). HSF2 depletion resulted in misregulation
of genes linked to GTPase signaling, cell adhe-
sion, and actin cytoskeleton, and down-regulat-
ed HSF2 messenger RNA (mRNA) levels were
observed in a diverse array of human cancers
(Björk et al. 2016). Considering the notion that
both HSF1 and HSF2 show altered expression
levels in cancer cells, it will be interesting to elu-
cidate how these factors are regulated at gene,
mRNA, and protein levels. To this end, onco-
genic NOTCH1 was recently reported to bind to
the HSF1 promoter and induce its expression,
thereby showing for the first time HSF1 regula-
tion at the gene level (Kourtis et al. 2018). More-
over, because HSF1, HSF2, and HSF4 have been
reported to display functional cooperativity in
specific physiological processes, the importance
of cross talk between different HSF familymem-
bers in cancer should be investigated.

Degeneration and Aging

A great majority of the degenerative diseases are
characterized byaccumulation ofmisfolded pro-
teins and imbalances in the protein folding and
degradationmachineries, leading to proteostasis
collapse. The protein quality control becomes
limited also during aging and several lines of
evidence suggest that enhancing the protein-
folding capacity via increased expression of mo-
lecular chaperones can prevent the proteostasis
collapse (Cummings et al. 2001; Klucken et al.
2004; Magrane et al. 2004; Nagy et al. 2016).
Because of the key regulatory role of HSF1 in
chaperone gene expression, its involvement in
neurodegenerative diseases has been extensively
studied. One of the first evidences for HSF1 act-
ing as a suppressor of aggregation was provided
by a genome-wide RNAi screen in polyQ-ex-
pressing C. elegans, which identified CeHSF1
as a factor required to suppress age-related pro-
tein aggregation (Nollen et al. 2004). InHsf1−/−

MEFs, lack ofHSF1 results in increased accumu-
lation of ubiquitinated proteins and protein
aggregates, and similar observations have been
obtained from Hsf1−/− mice with a plethora of
degenerative diseases (Fujimoto et al. 2005;
Homma et al. 2007; Kondo et al. 2013). Recently,

HSF1 expression levels were found to be specif-
ically down-regulated during aggregate accumu-
lation, indicating that abnormal regulation of
HSF1 stability, rather than its activity, is a hall-
mark of neurodegeneration (Kim et al. 2016;
Gomez-Pastor et al. 2017).

Although HSF1 has a neuroprotective effect
during aging and degeneration, it is not clear
how it promotes cell survival in those contexts.
Active HSF1 suppresses polyQ-aggregation
more efficiently than any combination of HSPs
(Hayashida et al. 2010), emphasizing that other
HSF1 targets are also essential in preventing
disease progression. Accumulation of polyQ-
aggregates alters HSF1 binding, particularly at
genes linked to cytoskeleton, focal adhesion, and
GTPase activity (Riva et al. 2012), but their role
in disease propagation is unknown. HSF1 coun-
teracts proteostasis collapse also by maintaining
mitochondrial homeostasis (Tan et al. 2015). In
aging C. elegans, CeHSF1 promotes stress resis-
tance through PAT-10, a gene specifically re-
quired to maintain cytoskeletal integrity (Baird
et al. 2014), altogether proposing that the pro-
tective functions of HSF1 during degeneration
indeed extend beyond the HSPs.

HSF2 has been implicated in the mainte-
nance of proteostasis against polyQ-aggregation
and regulation of mouse life span (Shinkawa
et al. 2011), but the molecular details of its pro-
tective functions are scarce. In cellular model
systems, HSF2 is activated during proteasome
inhibition and it participates in target gene reg-
ulation together with HSF1 (Mathew et al. 1998;
Lecomte et al. 2010; Rossi et al. 2014).Moreover,
lack ofHSF2 has been shown to compromise cell
survival during proteasome inhibition (Lecomte
et al. 2010), suggesting that HSF2 might have a
unique role in proteotoxic stress. Nevertheless, it
remains to be established how HSF2 protects
cells against protein misfolding and whether
the functional interplay between HSFs impacts
the degenerative disease progression.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

During the past years, the research focusing on
HSFs in acute stress responses has offered nu-
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merous key discoveries illuminating the mecha-
nisms of stress-inducible transcription, post-
translational regulation of transcription factors
as well as the physiological and pathological rel-
evanceofproteostasis.Genomic andepigenomic
analyses of HSFs have contributed significantly
to the development of new genome-wide meth-
ods and provided molecular details that apply
generally to chromatin-associated responses.
Identification of distinct PTMshas revealed nov-
el insights into how stimulus-specific transcrip-
tion factors acquire their transient activation
profiles. Moreover, the tight link between HSFs
and disease processes is a prime example of how
the synergistic and antagonistic actions of pro-
teostasis determinants impact the health of
an organism. Although it is indisputable that
HSFs serve as essential gatekeepers integrating
internal and external signals into diverse tran-
scriptional programs, there are still many funda-
mental questions to be addressed. It is notewor-
thy that a majority of previous studies have
examinedHSFs in acute heat stress, which limits
understanding of their functions in other biolog-
ical processes, such as organismal development,
prolonged and chronic stress conditions, as well
as progressive diseases. Therefore, it would be
important to use the already achievedmilestones
to further explore HSFs in their diverse physio-
logical and pathological working environments.

As of today, it is not known how different
cells and tissues sense specific stimuli and trans-
form them to the actions of distinct HSF family
members. Arrays of posttranslational regulators,
including PTMs and protein-interacting part-
ners, orchestrate the activity and stability of
HSFs, but their interdependence and combina-
torial actions require further investigation.
Along the same lines, it will be important to
examine the cooperativity between HSF family
members, as the interplay likely functions as a
more sophisticated rheostat than originally an-
ticipated. Overall, there is a clear demand for a
more comprehensive understanding on how
HSFs are regulated at the gene, mRNA, and pro-
tein levels and how the complex and dynamic
chromatin architecture impacts the activity of
HSFs. HSFs ultimately configure cellular physi-
ology through transcriptional reprogramming.

However, the mechanisms underlying the regu-
lation of their subcellular or subnuclear locali-
zation and trafficking remain to be uncovered.
The fundamental knowledge obtained from
HSF-driven transcriptional networks will allow
us to develop advanced molecular strategies to
target HSFs in diseases associated with disrupt-
ed proteostasis.
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